Measurements are given on the velocity and attenuation of ultrasonic energy in liquid helium at a frequency of 15 Mc/sec as a function of temperature from 1.57eK 
Introduction
The experiments described in this paper give the velocity and attenuation of sound in liquid helium at a frequency of 15 Mc/sec as a function of temperature from 1.57K to 4.5K. The object of these experiments is twofold: a) experimentally to check the theory of sound absorption for a monatomic liquid and, b) to probe into the nature of liquid helium in its low temperature phase and at the transition point. The experiments were made possible by two recent developments: the ultrasonic pulse technique which grew out of radar research 1 and the ollins Cryostat 2 which can produce relatively large amounts of liquid helium.
A cursory resume of the physical properties of liquid helium is appropriate to an introduction because of the dependence of sound absorption on such physical properties as viscosity, heat conductivity, and specific heat. It is well known from the pressuretemperature diagram of state s that at normal pressures helium remains in a liquid state from its boiling point clear down to absolute zero. The liquid state is separated into two separate phases called He I for the high temperature region and He II at low temperatures. For usual conditions (i.e., the liquid under its own vapor pressure) the transition occurs at 2.190K:, and since no latent heat is involved, the transition is referred to as one of the second order. The present ultrasonic determinations as well as the several physical properties (density, compressibility, viscosity, heat conductivity, and specific heat) show abnormal behavior at the so-called "X" point.
In some respects liquid He I displays characteristics normally attributed to gases. This occurs for example in the behavior of its viscosity measured vs. temperature 4 Most liquids show a viscosity which tends to decrease with increasing temperature, but for liquid helium the opposite trend occurs, Concerning the behavior of viscosity below the X-point, no consistent picture has been formulated on the basis of classical concepts.
Above the -point the coefficient of thermal conductivity is of the same order of magnitude as for gases, 6 x 10 ' 5 cal/deg.cm.sec.; however, in passing to temperatures Just below the -point the conduction is increased by a factor of about 3 x 10 6 . The classical equation of heat flow is not valid in He II. These and other physical properties of He II have led theorists to develop new concepts to describe the state of this liquid. London 6 has suggested that He II should be interpreted in terms of a Bose-instein gas and that the X-point should be considered as a condensation point in phase space for such a system. Tisza 7 subsequently showed that the hydrodynamic and thermodynamic properties of helium can be understood on this basis. Tisza (and independently Landau ) regards He II as a mixture of two components; one is a normal component in the sense that it corresponds closely to He I, the other is a superfluid comnent possessing only zero-point energy and completely devoid of viscosity. 
where p is the density, P the pressure, and T the temperature. Values of (Y -1) are included with the theoretical and experimental results of Table I .
Zlxerimental Apparatus and Procedure
The special advantages and capabilities of the pulse technique originally developed for radar have made possible measurements of the type conducted in this research.
By using short pulses absorption measurements may be conducted at relatively high frequencies (15 Mc/sec in this case), for which the attenuation is sufficient to make quite accurate measurements possible. As will be seen the method is direct and straightforward both for obtaining velocity and attenuations and absorption measurements thus obtained 10 are usually superior to those of older, continuous-wave methods.
The scheme is essentially to use the liquid sample as a "storage medium" for the short sound pulses and to measure the time delay and attenuation undergone by the sound in traveling a known path-length. The acoustical pulses, after being generated from electrical pulses by the transducer, travel through the liquid to a plane reflector (shown purely schematically in Fig. 1 ) and back again to re-excite the crystal at a later time.
The transducer-reflector distance is variable so that the increased delay produced by an increase in path-length is a direct measure of wave velocity. The attenuation which must be removed from the electrical circuit to balance the acoustical losses in the additional distance provides a measure of absorption.
The timing sequence i as follows (Fig. 2) . Velocity readings are taken for helium at 10,000-yard (radar) range intervals by placing the returned signal pip at definite positions with respect to successive scope range markers and recording the transducer-reflector distance. By adjusting the scope properly, these markers appear as very short (dark) breaks in the sweep, and if consistent criteria are adopted, accurate range difference readings result. Since the echo signal is adjusted to a predetermined level on the scope for each range position (by means of attenuators, without disturbing the gain of the remainder of the system), absorption data are obtained directly. Figure 3 gives an example of excellent data for attenuation in liquid helium at 3.08°K; the attenuation is plotted against the transducer-reflector distance, and the slope of the straight line is a measure of absorption.
;- In the classical theory of sound 1 1 the a is commonly referred to as the coefficient of pressure attenuation and enters into the solution of the wave equation as:
where P is the pressure, v the frequency, v the wave-velocity, and x the coordinate of distance along which the wave travels. In ig. 3 the exponential decay is experimentally verified and it is understood that the determined from the slope of data such as in Fig.   3 is the composite attenuation due to viscosity and heat conduction. For liquids containing polyatomic molecules an additional attenuation involving internal molecular vibrations would also be included.
In discussing the equipment for these experiments no detailed information (such as circuit diagrams) is included concerning the standard electronic elements of pulse power, transmitter, and the receiver. The ultrasonic equipment in the bath of liquid helium requires some discussion and is illustrated in cryostat was kept at a slightly lower temperature than the liquid covering the crystal.
These conditions permitted excellent temperature control and avoided rapid boiling which could have been detrimental to accurate readings.
The transducer consisted of a thin X-cat quartz crystal one cm in diameter.
Such a crystal undergoes thickness vibrations when an oscillating voltage is applied across its thin dimension. The crystal was cut to the proper thickness (about 0.018 c)
for its fundamental resonance to occur at approximately 15 Mc/sec.
The upper (and radiating) surface was completely silvered and was grounded to the housing cartridge. On the other hand the silver plating on the lower surface did not extend quite to the crystal circumference, thus forming an insulated electrode to which the r-f signal could be fed from the pulser. This transducer had two separate effects on the electrical properties of the system. First of all, the geometry of the crystal provided a certain dead capacity between its electrodes, amounting to about 254f.
A more important effect of the transducer upon the system was a marked narrow- to reduce the crystal Q to the neighborhood of 10 or less. On the other hand, the characteristic acoustical impedance for liquid helium being only about one-thousandth that for quartz, the bandwidth of Q.2c/sec corresponds to a Q of about 75, since
The bandwidth hi = 0.2 Mc/sec may be converted directly to the corresponding acceptable pulse-length A by the relationship
It is therefore evident that pulse-lengths of at least 5psec duration were required. This corresponded to about 75 complete oscillations per pulse, also numerically equal to the Q of the system. These are merely quantitative ways of expressing the fact that helium is a most difficult liquid in which to generate sound pulses.
It is necessary to match the impedance presented by the crystal system to that of the coaxial line leading from the pulser. At resonance the impedance presented by the crystal is complex, and ordinarily the impedance level is different from that of the line. Therefore a matching network was essential, and was placed directly outside the cryostat. This is illustrated in Fig. 7 . 
VARIABLE IMPEDANCE MATCHING NETWORK
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-----¢ I t axial line (100ppf) were tuned out by means of the coil L. The fixed tap from the coaxial line into this coil was positioned to provide somewhat more inductance than actually necessary for this purpose. The excess was available for adjustment during operation (using the echo signal as a guide) by tuning out with the Yariable capacity C 1 .
The input signal from the transmitter entered coil L via a variable tap T. A sliding contact was provided to make the turns ratio continuously variable, and the setting was obtained by maximizing the returned echo signal. It is evident from ig. 9 that the absorption changes abruptly in the neighborhood of the A-point, so that for this temperature region it proved impractical to conduct db versus range measurements, Accordingly, an alternative procedure was adopted of holding the transducer-reflector distance fixed and noting receiver signal strength versus temperature as the -point was passed. Although this technique is inadequate for detailed measurements in the low attenuation ranges, it is suitable for mapping out large-scale, rapid changes. This is represented by the triangles and dashed line of ig. 9. Such a procedure yields only differences in a;, having obtained the shape of the curve, the ab- to rise sharply in the immediate vicinity of the -point. It was not possible to determine whether a actually became infinite, but on the basis of signal strengths at temperatures of known attenuation it is clear that values of at least 3.5 cm 1 occur for a.
Lowest attenuations occur immediately below the -point where values.of about -1 0.1 cm were observed. However, at lower temperatures the attenuation again increases in a steady manner. This trend appears to continue even to the lowest temperature at which measurements were conducted (1.578X).
Numerical values of attenuation coefficient a including one at 5.1°K are given in Table I for runs indicated by circles in Fig. 9 . Numerical values for the computed ca are given at corresponding temperatures where data exists for such computations.
TABI I resented by the dotted curve of Dig. 9 which above 3K also represents the best experimental curve. This is significant since for ordinary liquids (with the exception of g) the measured values consistently exceed the amounts expected on the basis of classical * The discrepancy ranges to an extreme factor of 800 in case of liquid H 2 S. a -viscosity =
which is the quantity plotted in Fig. 9 for below the k-point. The curve falls only gradually with lowering temperature, since the viscosity coefficient P is given by a smooth extension of for He I into the He II region. The effect of heat conductivity on ultrasonic absorption is more complicated. The ordinary diffusion type of heat transfer must exist also in He II but is completely masked by the first order (reversible) heat transfer. The -thermal of Eq. (6) would be of the order of magnitude in He II as it is in He I close to the -point and would not essentially change the total theoretical a plotted in Fig. 9 . below the -point.
One might expect other dissipation effects which are peculiar to He II and which 7 would give ultrasonic absorption of the relaxation type. Tisza 7 has suggested non.adiabatic transitions between the normal and superfluid component induced by ultrasonic waves.
Other relaxationmechanisms suchas between the ultrasonic energy and the zero point energy may also appear. Finally the coupling between first and second sound might give rise to dissipation effects. It does not seem possible at present to compute these effects without making arbitrary assumptions.
Viscosity measurements in He II using the oscillating disk metho 4 we ily taken to indicate a coefficient falling sharply with temperature from the X-point. A subsequent reinterpretation of the viscosity data by Tisza leads to a normal value of 9vfor the normal fluid and an essentially zero value of p for the sunerfluid. 
are given in Table I and were computed according to the well known formulas
In the above, v is the ultrasonic frequency in cycles per second, c the ultrasonic velocity in cm/sec, r the coefficient of viscosity in poise, p the liquid density in grams/cc, K the heat conductivity coefficient in cal/deg. cm. sec., the specific heat at constant P pressure in cal/gm. deg., and Y the ratio of specific heats. With the exception of heat conductivity K, each of these qualities is a known function of temperature. In the case of K, results are published 5 only for 3.3 0 K so that this value of 6.0 x 10 '5 cal/cm sec.
was of necessity used throughout the temperature range of the He I calculations. It is noteworthy that the magnitude of the ultrasonic absorption places He I in the category of relatively high absorption liquids (in spite of its low viscosity). This behavior is accounted for by the occurence in the denominator of Eq. (5) and (6) of p and Cl 3 , both of which are extremely low for helium.
In the general region of 3'K the experimental results of a begin to exceed considerably the classical theoretical values. Finally the sharp peak occurs at the X-point, -1 whereas the predicted value for that temperature is only 0.07 cm . Clearly the inadequacy of the classical theory points to some other mechanism. Possibly a discontinuity in velocity such as suggested by the Toronto investigations might account for this effect. Another more general explanation of the complete absorption of ultrasonic energy at the kpoint is possible. The energy of transition from He IX phase to He I phase is vanishingly small as the system approaches the X-point (because the phase transition is of the second order -i.e., no latent heat at the X-pcint). In just this region such transitions might be forced by the ultrasonic energy.
-13-. * The expression fo. viscosity may be derived from the wve equation:
p~-PC22v = 5 7V where the last term involves iscosity (here is the particle displacement). A similar formulation involving heat flow leads to (6).
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Conclusions
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